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INTRODUCTION 
At a 1961 symposium on ground water contamination and later in 
1963 at a national conference on solid wastes, concern was shown for 
the protection of one of our most valuable resources - ground water. 
It was felt at both conferences that a definite need existed for more 
research in areas pertaining to the nature and mobility of chemical 
and biological contaminants leached from refuse disposal areas. 
Finally, _ in 1965, because of the interest shown in these prob� 
lems, Congress passed the Solid Waste Disposal Act which created the 
Office of Solid Wastes within the Public Health Service. Included in 
on the national lev�l which was directed toward conserving natural 
resources. 
Since 1964 the Civil Engineering Department at South Dakota State 
University has.conducted studies in an effort to determine the effects 
of refuse disposal on ground water quality. The location for these 
studies has been the municipal refuse disposal site located just south 
of Brookings, South Dakota. At this installation the deposited refuse 
is burned periodically and the resulting combustion products are 
covered as operation time permits. Because of this type of operatio n · 
the immediate area is neither esthetically pleasing nor nuisance free. 
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As a result of investigations conducted at the Brookings dis-
posal site six master of science theses have been written. One might 
assume that only one investigation would be needed to determine the 
effect that a disposal site has on the ground water quality; however, 
with continually changing operational procedures and ground surface 
conditions at the site, each study has provided ·new and valuable 
information. 
Heavy snow fall in the winter of 1968 and the ensuing runoff 
coupled with rains in the spring of 1969 caused the ground water at 
the Brookings disposal site to rise to an unusually high level. Since 
this rise in ground water elevation seemingly hr011fht. ;:ihou-t dtrPct 
contact between refuse and ground water, it was felt a study should 
be conducted to determine what effects this high water table would 
have on ground water quality. The study presented herein pertains 
to the influence that the unusually high water level had on the 
quality of the ground water. 
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LITERATURE REVIEW 
Refuse Disposal on Land 
With the advent of our affluent society, many environmental 
problems have arisen. Of growing concern are the pollutional prob­
lems associated with solid waste disposal. To study these problems 
the Office of Solid Wastes was formed within the Public Health Service 
under the Solid Waste Disposal Act of 1965 (l). * Because of this act 
the Office of Solid Wastes has investigated the various methods of 
refuse disposal, one of which is disposal on land. At a conference 
on solid waste research, Black (2) defined four methods used to dis-
burning dumping, (c) refuse filling, and (d). sanitary landfilling. 
Open dumping was defined as disposing of any or all classes of 
-refuse into an area, burning the refuse, and leaving the resulting 
combustion products uncovered. In controlled burning dumping, refuse 
is deposited on the side of an earthen bank, spread evenly as possible, 
and then set aflame. Refuse filling is a systematic operation to 
compact and cover refuse, but unlike sanitary landfills the refuse 
fill is not covered on a day-to-day basis . Sanitary landfilling seems 
to be the most desirable disposal method . Some advantages are: (a) 
the operation is simple and flexible, (b) no separation or segregation 
* 
See explanation of referencing in LITERATURE CITED (page 57). 
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is required, (c) the land may be reclaimed for re�reational or indus­
trial purposes, (d) the esthetic value is increased by the absence 
of burning and blowing debris, and (e) nuisances such as flies, mos-
quitoes, and rodents are eliminated (3-176). 
From the above, it might appear that the sanitary landfill is 
the solution to refuse disposal problems. However, what is of con-
cern in addition to the visible nuisance conditions are the under-
ground conditions. Sawinski (4-4) stated that there may be 
detrimental effects to the ground water located beneath a refuse fill 
area that are attributable solely to the existance of the deposited 
point of view, a sanitary landfill may be just as detrimental to the 
quality of the ground water as an open dump. To explain present 
pra9tice he drew an analogy between a neat appearing landfill and a 
glove given to cover the wounds of a mangled hand; i . e., as long as 
the surface looks good, one does not need to be concerned with the 
conditions underneath. 
Conditions that must exist before a refuse disposal site can 
contaminate the ground water are� (a) the refuse must be located 
over, adjacent to, or in the aquifer, (b) surface waters and precipi-
tation must be able to percolate through the refuse to the ground 
water, and (c) leaching must occur with the leachate capable of reach­
ing the aquifer (6-118). Also, a rise of the ground water table into 
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the deposited refuse may result in the direct leaching of materials 
into the iround water . 
Information on the first of the above conditions was reported 
by the American Society of Civil Engineers in 1961. They reported 
that of 250 agencies surveyed, 27 percent operated their landfills 
within five feet of the water table, while an additional 20 percent 
were operated within ten feet of the water table. Since approximately 
47 percent of the landfills had refuse deposited within 10 feet of 
the ground water, it was believed that gross contamination of the 
ground water occurred at these refuse disposal sites (7) . Knowledge 
of the degree of contamination associated with solid waste disposal 
is very limited and more research is needed in this area (8) .  
Sheaffer (5) felt that a definite need exists for research per-
taining to biological and chemical contaminants which may be leached 
from a disposal area. He also expressed that research of existing 
disposal sites which may be located in various environments should 
be conducted. For example, the pollutional problems of a disposal 
site in an arid region are likely to be different than those in a 
region where 30 to 5 0  inches of precipitation are reported. Black (2) 
stated that research should also be conducted on soil sealants. He 
suggested that gravel pits, used for the disposal of refuse, be lined 
with clay to retard leachate from reaching the ground water. 
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Incidences of refuse disposal sites causing ground water pol-
lution have been reported in both the United States and Europe. In 
1957 excessive rainfall caused the ground water to rise into the land-
fill of a southwestern United States city. Leaching of the refuse 
resulted in contamination, and subsequent abandoning of two shallow 
wells that were being used for domestic supplies (8). In another 
incidence it was indicated that intermittent or continuous contact of 
the ground water with the disposed refuse may cause the ground water 
to become grossly polluted and unfit for domestic and/or irrigational 
use (9-13). 
·The above examples and others have prompted researchers to remove 
the glove from the mangled hand and investigate the pollution potential 
of refuse disposal on the l�nd. Efforts such as the 1961 symposium on 
ground water contamination at the Robert A. Taft Sanitary Engineering 
Center and a 1963 conference at the UQiversity of Chicago on solid 
waste research have served as directives for future research in the 
area. 
Contamination of the Ground Water 
Contamination of the ground water may occur through different 
processes. It is recognized that refuse dumps contribute to ground 
water contamination through infiltration and percolation, refuse de­
composition, gas production, and leaching (10-95). 
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The infiltration capacity of the refuse is the maximum rate at 
which water will pass through the refuse. The type of refuse, whether 
or not the refuse is covered, the climatic conditions, and surrounding 
earth govern this infiltration rate (10-25) .  The rate of percolation 
depends on the permeability of the refuse and the degree to which 
the refuse is saturated. An effective way to prevent the vertical 
movement of ground water through refuse is to place a relatively 
impermeable material over the refuse which will intercept any in-
cident moisture and carry it away from the fill area (10-29) . 
Through aerobic or anaerobic decomposition, organic refuse will. 
If there is sufficient atmospheric oxygen available, the breakdown will 
occur aerobically resulting in the production of carbon dioxide, water , 
and the release of ammonia (10-32). Aerobic decomposition proceeds 
more rapidly than the anaerobic process and produces more heat (11) . 
If molecular oxygen is not available, anaerobic organisms carry out 
the decomposition process. The principal products of this process 
are carbon dioxide and methane with ammonia and hydrogen sulfide also 
present (10-32) . 
It has been observed that both aerobic and anaerobic action may 
occur simultaneously in different parts of the same fill (10-44) . 
Rogus (11) stated that aerobic decomposition usually occurs within the 
top two to four feet of the fill, while decomposition below that depth 
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is usually carried out by anaerobic organisms. The decomposition 
processes need not be confined to the fill itself, but may be found 
to occur in the adjacent ground water (10-33). 
The four gases common to the decomposition of refuse, which may 
contaminate the ground water, are carbon dioxide, methane, ammonia, 
and hydrogen sulfide. Due to its level of solubility, carbon dioxide 
combines with water to form a weak acid (carbonic) which is capable 
of dissolving metal products such as tin cans. Because of its low 
density and slight solubility, methane diffuses vertically. Hydrogen 
sulfide is usually present in only small amounts, but may cause taste 
and odor problems; however, dilution with waters containing oxygen 
wil l often remedy these problems. Ammonia and carbon dioxide are the 
most significant of the gases produced. Ammonia, upon oxidation, in-
creases nitrate content while carbon dioxide indirectly increases the 
hardness of water (8).  
The leaching process is generally recognized as the means by 
which soluble substances are transferred from refuse material to the 
ground water. Ground water remaining in contact with the refuse will 
continue leaching until equilibrium conditions have been reached. 
Depending on the decomposition process and the rate of ground water 
movement, this process may proceed to complete extraction of soluble 
matter (10-68) . 
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Considerable evidence of leaching of materials from refuse dumps 
has been reported. In one instance, wells 2000 feet away from a 
garbage filled sand pit were found to remain contaminated up to fif-
teen years a_fter the dumping had stopped. Chlorides, hardness, and 
manganese were the parameters used to determine the degree of con-
tamination (12-20) . Work with leachate from a refuse dump in the 
New York area, which experiences about 40 inches of rain per year, 
has shown chlorides present in average amounts of 2406 ppm (parts per 
million) with total alkalinity and total acidity in amounts of 2867 
and 1089 ppm, respectively (13) . 
Merz stated that leachate from a landfill is not often caused 
by precipitation. His study showed that rainfall alone did not 
penetrate a 7.5-foot thick ·landfill sufficiently to produce leachate 
(9-74). Merz further pointed out that the amounts of rainfall re-
quired to produce leachate depends on the density, degree of 
saturation, and thickness of the refuse. 
Ground Water Movement 
As of 1960 the United States used ground water at the rate of 5 0  
billion gallons per day. This equaled about 20 percent of the nation­
al water use, and a 50 percent increase was expected by 1975. Ground. 
water comprises 76 percent of the total water used in South Dakota 
(14-13). From these figures one can see that ground water is one of 
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our most precious resources. If we expect to use and preserve the 
value of ground water, we must learn to understand it. Among the 
factors that should be understood is the movement of wat�r through 
soil . 
Gravity causes the water, absorbed by the soil, · to pass down-
ward until it reaches the ground water table; it then travels 
laterally in the direction of flow through paths of least resistance 
(15-454) . The _pr incipal motivating force in the movement of ground 
water is the difference in head between any two points along the line 
of flow (16-272) . Da�cy's Law which describes the movement of ground 
water is mathematically expressed as: 
V 
Where "V'' is the velocity of flow, "h
J,. 
- h2" is the difference of 
hydrostatic head from point one to po�nt two, ''V' is the distance 
along the path of flow between points "hi" and "h2", and "K'' is, the 
coefficient of permeability (17-46). The coefficient of permeability 
is . defined as the gallons of water which, in one day, will flow 
through one sq ft cross-sectional area of the material when the ratio 
of head loss to length of flow is unity and the temperature is 60°F 
08-21). 
Although Darcy's Law will hold for every point in a porous media, 
permeability cannot be assumed to be constant over a large area 
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because of changes in soil characteristics. For this reason it 
should be understood that when computed with Darcy�s expression, 
velocity determinations for a substantially large area can be regarded 
as only rough approximations (15-480).  
Since ground water movement is very slow, it is sometimes diffi-
cult to determine the direction of flow. Various methods are used to 
determine the direction of f_low; among the most frequently used are 
cartographic methods, tracers, and flow meters (16-282). 
Cartographic methods involve the construction of water table con­
tour maps from point observations of water levels in a network of 
boreholes. Ground water flow lines are drawn perpendicular to the 
contour lines (16-282). The constriction of the contour lines may be 
indicative of decreasing peimeability or increasing velocity (19-22). 
There are three main tech�iques used to determine flow direction 
with tracers (16-282). One technique_involves a network of observation 
wells placed around a bored hole. A tracer is injected into the hole 
and the observation well registering the peak concentration repre­
sents the dominant direction of ground water flow. The tracer should 
be detectable in low concentrations, be absent from the natural ground 
water, and not react with the ground water. 
A second approach pertains to the use of naturally occurring 
tracers, particularly radioactive materials. Because the decay rate 
of certain radioactive materials, such as tritium, is expressed as an 
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exponential function, relationships.may be formed to determine the 
direction of ground water flow. 
A third method involves the use of a single bored hole and a 
radioactive isotope. The isotope. is injected into the bored hole at 
a certain depth and is carried by the water flow to the lee side of 
the well, where it is partially absorbed by the well casing. A 
geiger-counter is then lowered to the injection depth and rotated 
360
°
. A maximum reading indicates the counter is facing the point of 
highest absorption and is, therefore, aligned along the main axis of 
ground water flow. 
In areas of high velocity the direction of ground water flow may 
be determined with flow meters. Only in fissured rock does the 
velocity reach magnitudes great enough so this method may be employed. 
The procedure involves rotating the flow meter until the maximum 
reading is reached. At this point the meter is in alignment with the 
direction of flow; however, it is facing upstream. 
Movement of Ground Water Contaminants 
Unless attenuated in some way, a contaminant leached from a 
refuse disposal site could successively pass through the land surface 
into the ground water, to a stream, and into the sea (20) . However, 
it is believed that this cycle will very seldom be completed. 
When percolating liquids rE:ach the ground water, they may be: 
(a) dispersed, (b) retained on earth materials by chemical or physical 
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sorption, (c) altered by chemical or biochemical phenomena, and/or 
(d) passed through the soil with minute change (21-23) . Dispersion 
of a contaminant may occur in three different ways: (a) laterally, 
(b) vertically, and (c) in the direction of flow. Merz indicated 
that dissolved mineral matter would have its greatest travel in the 
direction of flow. He further stated that as contaminants move down-
stream, they are diluted (9-72) . McKee and Wolf also believed that 
dispersion may take place under certain circumstances, but stated 
that a small ribbon of polluted water injected into the ground flow 
will move in a well-defined streamline with a minimum of lateral or 
vertical disnersion (21-19). Butler. Orlob. and McGauhey (22) stated 
that contaminants moving in the direction of flow are not appreciably 
extended laterally. However, Brown (23) stated that contamination 
may be laterally dispersed if the flow is intercepted by soil lenses 
of low permeability. 
One report indicated that chemical contaminants move farther 
through an aquifer and are generally more difficult to remove than 
bacterial contaminants (24) .  While another report (12-162) added 
that, where the ground water was recharged by sewage injected wells, 
the maximum travel of bacteria was found to be about 100 feet, with 
chemical changes noted as far as 225 feet from the injected well. A 
British study (25-133) of tipped refuse indicated that bacteria will 
be adsorbed by filtering media . It was also found that the finer the 
2 4 9 o 6 0 SOUTH DAKOTA STAT,E U , VERSITi LIBRARY 
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filtering media, the higher the percentage of removal (25-134) .  
However, adsorption t o  filtering media such as soil is not the only 
reason for limited bacterial movement. Because factors such as pH, 
temperature, and salt content are not conducive to bacterial growth, 
the movement of bacteria in ground water is limited (26) . 
Since chemical contaminants tend to move farther than bac-
terial contaminants, they are usually used as indices of pollution. 
Chlorides, for example, will pass through soil with concentrations 
remaining unaltered, except for the possible effects of dilution. 
Immunity to physical and chemical changes made the chloride ion 
valuable as a tracer of ground water flow (21-23). 
Ground Water Quality 
Although natural ground waters are devoid of toxic elements, 
various deleterious chemicals may be found in ground waters sur-
rounding refuse disposal sites. Excess amounts of certain chemical 
ions in water can be unpleasant and even toxic if consumed by 
humans. For this reason, quality criteria were established to limit 
the chemical constituents of domestic water supplies. Various chemi­
cal characteristics and their.limits in drinking water are listed in 
Table I. Esthetic, toxic, physiological, and taste and odor are the 
four classifications of problems in drinking water associated with 
chemical constituents. 
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Table I. --USPHS Drinking Water Standards-Chemical 
Characteristics (21-89) 
Substance 
ABS (alkyl benzene 
sulfonate) 
Arsenic 
Barium 
Cadmium 
CCE (carbon chloroform 
extract) 
Chloride 
Chromium (hexavalent) 
Copper 
Cyanide 
Fluoride 
Iron 
Lead 
Manganese 
Nitrate 
Phenol 
Selenium 
Silver 
Sulfate 
Total Dissolved Solids 
Zinc 
* Not to be exceeded 
** Temperature dependent 
Recommended Limits 
(mg/1) 
0. 5 
0. 01 
0.2 
250.0 
1. 0 
0. 01 
0. 8-1. 7** 
0. 3 
0. 05 
45.0 
0. 001 
250.0 
500. 0 
5. 0 
Mandatory Limits* 
(mg/1) 
0. 05 
1. 0 
0. 0 1  
0.05 
0. 2 
1.6-3. 4** 
0.05 
0.01 
0. 05  
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The foaming and turbidity assoqiated with ABS (alkyl benzene 
sulfonate) (21-395), the staining of laundry and porcelain fixtures 
resulting from iron and manganese (21-202), along with the permanent 
blue-gray discoloration of the skin and eyes caused by silver (21-257) 
are some of the problems which are of esthetic concern. 
Arsenic, barium, cadmium, cyanide, .lead, and selenium are sub-
stances which may be toxic. Arsenic is a poison which accumulates in 
the body with excessive amounts tending to be carcinogenic. The body 
may excrete arsenic, but does so at a very slow rate. The blood of 
a normal human usually contains from 0. 2 to 1. 0 mg/1 of arsenic, while 
a dose of 130 mg has proven fatal (21-140). Barium is not usually 
found in measurable concentrations in natural surface water or 
ground water, but if found it may cause increased blood pressure by 
constricting blood vessels (21- 142). Preparation of foods in cadmium­
plated containers has resulted in metallic poisoning. The body 
usually cannot excrete cadmium, and as a result it tends to concen­
trate in the liver, kidneys, pancreas, and thyroid of humans (21-149). 
The cyanide ion is rapidly changed to the non-toxic sulfur complex, 
thiocyanate, in the liver and removed in the urine (21-176). Lead is 
a cumulative poison and tends to be deposited in the bone. Symptoms 
of lead poisoning may be constipation, loss of appetite, and anemia. 
Water containing 0. 1 mg/1 of lead may cause chronic poisoning if used 
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continuously (21-206). Although it is often believed that selenium 
is toxic to man, definite proof has not been obtained (21-253). 
Physiological problems are associated with hexavalent chromium, 
fluoride, nitrate, and sulfate. Hexavalent chromium is not highly 
toxic to man; however, it may cause nausea (21-164). A small amount 
of fluoride in the water supply is beneficial to humans; however, 
excessive amounts may cause mottled enamel and skeletal problems 
(21-190) . Nitrate may occur in ground waters as a r�sult of excessive 
application of fertilizers. Infant methemoglobinemia, a disease 
characterized by specific blood changes, may be cau�ed by high nitrate 
concentrations in the water used in feeding formula. While it is 
still impossible to state precise concentration limits, it has been 
widely recommended that water containing more than 10 mg/1 of nitrate 
nitrogen should not be used for infant feeding formula. However, the 
USPHS recommended limit for nitrate in domestic drinking waters remains 
as 45 mg/1 (21-224). The limit placed on sulfate appears to be based 
on the laxative action upon users. Public water supplies with sulfate 
contents above the 250 mg/1 limit are commonly used without adverse 
effects (21-276). 
Because of their association with tastes and/or odors carbon 
chloroform extract (CCE), chloride, copper, phenol, and zinc have 
limits placed on them. Water from natural sources rarely exceeds 0.05 
rng/1 of CCE substances, while waters that exceed 0. 20 mg/1 are usually 
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of poor quality from a taste and odor standpoint. The presence of CCE 
is usually an indication of ill-defined chemicals (21-155). Restric-
tions on chlorides are for taste problems rather than health reasons. 
It is believed that the source of chloride may be a more important 
factor in drinking water than the quantity and a sudden increase in 
chloride content should be followed by an investigation of other 
parameters (21-160) . Copper is believed to be essential for human 
nutrition with 3 mg per day being the adult requirement. The limiting 
factor of copper in domestic waters is taste (21-169) .  Ingestion of 
phenol in concentrated solutions may result in severe pain, renal 
irritation, and even death. These problems are not likely to occur 
as such concentrations are greater than taste considerations will 
allow (21-237). Zinc cause� esthetic problems because of the milky 
appearance it can give to water. However, of primary concern is the 
unpleasant taste which can be detectetj in waters when zinc is present 
in minute quantities (21-294) .  
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DESCRIPTION OF DIS1X3SAL SITE 
Background Information 
With the areal expansion of the city of Brookings, it became 
necessary· in 1960 for the city to discontinue operation of its refuse 
disposal site, located on the east edge of the city, and relocate it. 
The new site chosen was a 160-acre tract of land located approximate-
ly two miles sotith of the city. 
At the outset, the disposal area was operated as a sanitary 
landfill. That is, the refuse was covered periodically and burning 
was non-existant. Sanitary landfilling is considered the best practice 
to abandon this practice because with the high water table experienced 
in 1962, it was foreseen that not enough land area would be available 
for continued burial of the refuse. Therefore, in order to reduce the 
volume of refuse, the city began burning portions of its refuse. 
In 1960 landowners in the immediate area objected to the pro­
posed lccation of the site because they felt that dumping refuse 
into the abandoned gravel pit located at the site might contaminate 
the ground water and lead to impairment of their water supplies. 
Because of these objections the city installed eleven well points 
in five different areas around the disposal site for the purpose of 
collecting information about the water quality in the area, the 
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water table fluctuations, and the direction of ground water flow (27). 
They found that the ground water quality was slightly impaired and 
the direction of flow was southwest. 
The city has tried to alleviate some of the esthetic problems 
associated with an operation of this type by encompassing the area 
with trees. This has helped to trap blowing paper, but does not 
curtail the smoke and blowing debris associated with open burning. 
In 1964 a project �as initiated by the Civil Engineering De­
partment at South Dakota State University to further study the effects 
of refuse disposal on the quality of the ground water . Eleven ad­
ditional well points were installed by McCormick (28) to study the 
movement of ground water and the effects of the landfill and the old 
pond (Figure 1) on the quality of the ground water. He found the 
movement of ground water to be approximately 45 degrees south of 
west, the ground water in the immediate vicinity of the disposal area 
grossly polluted, and that the old pond reduced the alkalinity and 
hardness of the ground water. McCormick also concluded that the most 
useful parameters for detecting degradation were chlorides, sodium, 
and specific conductance. 
In 1965, Sawinski (4) installed ten additional wells, which 
brought the total to 32, and determined that high ionic concentrations 
were found in a narrow band as far as 1000 feet from the disposal 
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Figure 1 . -- Layout of Brookings refuse d i sposal site depicting well locations . t--, I-' 
area. He also concluded that increased rainfall intensified the 
leaching of materials from the landfill. 
Also in 1965, Jorgenson(29) defined the geologic characteristics 
of the area. He found that the upper layer was an alluvial deposit 
from one to two feet deep , while immediately under the al luvial layer 
a thin layer of tan silt clay existed. Outwash _ deposits , with a 
thickness of 12 to 31 feet , were found to underlie the silt clay. 
These deposits were found to consist of lenses of poorly sorted 
gravels, sands, silts, and clays . 
McCormick (28) and Sawinski (4) both concluded that the old 
pond -had a beneficial effect on ground water quality . Because of 
their conclusions, a trench (Figure 1) was constructed by the city to 
intercept the flow of degraded water. Since the pond may have bene­
fited the ground water by dilution , dispersion , and/or biological 
treatment, it was hoped that the tren�h would do the same . The 
trench was constructed in two stages; at present it measures 1100 feet 
long , 15 feet deep and 50 feet wide. Hendrickson (30) and Nelson ( 31) 
studied the effects of the trench on ground water quality and both 
found the trench to have a beneficial effect on the quality of the 
ground water. 
Operation of Site 
Originally the Brookings disposal site was operated as a sanitary 
landfill ; however, at present the site operation woulct have to be 
termed as open dumping. Upon delivery to the site the refuse is 
segregated into three main categories � (a) combustible material 
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such as tree branches, leaves, grass, and tires ; (b) non-combustible 
material such as refrigerators, stoves, concrete and various scrap 
metals ; and (c) the everyday domestic solid wastes consisting of 
paper materials, and putrescible wastes resulting from the preparation 
of foods. · The combustible and domestic waste materials are set aflame, 
usually on a daily basis . In addition to reducing the volume of these 
materials, burning decreases the amount of organic material availabl e  
for decomposition and subsequent leaching; however, the burning 
operation may produce an ash material that is more readily leached. 
The final step in the operation consists of periodic covering of the 
ash material to prevent harborage of rodents and insects . 
Figure 2 is an aerial view of the Brookings disposal site 
(October, 1969) . The direction of the ground water flow is fro m the 
top to the bottom of the figure (so�thwest) . 
Figure 2. --Aerial view of the Brookings refuse disposal 
site (October, 1969). The direction of ground water flow 
is from the top to the bottom of the figure (southwest) . 
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EXPERIMENTAL PROCEDURE 
Well Point Information 
Since the initiation of the area as a refuse disposal site, 45 
well points have been installed throughout approximately 98 acres at 
the site for the purpose of monitoring the water table elevation and 
the ground water quality. All but four of these wells are 1½-inch 
diameter galvanized pipe with sand points that extend to var i ous 
depths in the outwash. The remaining four (wells 27, 29, 31, and 36) 
are equipped with water level recorders. Wells , 27, 29, and 31 are 
3-inch diameter galvanized pipes mounted with Stevens Type F re-
carder s while well 36, an 18-inch corrugated metal pipe, has a 
Stevens Type A35 recorder mounted on it. The recorder mounted on 
well 36 monitors the water level of the trench. Figure 1 depicts 
the location of the surface water, the general areas of deposited 
refuse at the site, and the wells. Some well points have been 
destroyed during gravel excavation processes and are not shown on 
the figure. 
Sampl ing Procedure 
Samples collected, initially on a weekly interval and later 
once every two weeks, for a period from April 24 to November 3, 
1969, resulted in 17 sets of data. Duplicate samples were col­
lected from 14 selected well points, the trench, the old pond, and 
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the south pond. Before the samples at any well were obtained, the 
water table elevation was measured and recorded. The measuring was 
accomplished through the use of a calibrated rod which completed an 
electrical circuit when it touched the water surface . The elevation 
of the ground water at the well was obtained by subtracting the rod 
reading from the known well casing elevation. 
The ground water sample was extracted with the aid of a portable 
unit consisting of a 2 HP gasoline-driven engine and a small centrifu­
gal pump. Because the ground water table was so near to the ground 
surface (two to five feet) , this unit was found to be more than 
adequate for obtain ing water samples. Each well was purged from two 
to five minutes, depending on the pumping rate, to exclude any water 
that was standing in the well. Duplicate samples were then pumped 
into one-quart plastic bottles and transported to the Sanitary 
Engineering Laboratory, South Dakota . State University for analysis. 
The analyses were performed within 24 to 36 hours. 
On October 2 additional samples from six selected well points 
were pumped into one-liter plastic containers, preserved with chemi­
cals, packed in ice, and shipped air-freight to the Regional Labora­
tory of the Federal Water Pollution Control Administration at Kansas 
City, Missouri . The Kansas City laboratory agreed to perform analyses 
on various trace elements, the results of which would serve as a com­
parison to similar work performed for the site. 
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Parameters Investigated 
The parameters chosen in order to investigate the quality of the 
ground water were chlorides, specific conductance, total hardness, 
and various trace chemical ions. At various times during th e sampling 
period pH and ground water temperature were measured. The first three 
parameters were selected because McCormick (28) and Sawinski (4) 
concluded they were worthy indicators of ground water degradation at 
the Brookings site and also because the results could be compared 
with previous investi gations. 
Chloride in drinking water is usually not harmful to humans 
until it reaches high concentrations. For public supplies, concen-
trations ranging from 125 mg/1 to 250 mg/1 are of a doubtful quality, 
while concentrations above 250 mg/1 are of unsatisfactory quali ty 
(21-159) .  However, the chloride ion serves as a reliable indicator 
of pollution as it is not altered or changed by biological processes, 
not adsorbed by soil  formations, not toxic, and is �asily measured 
( 32-381). 
The determination of conductivity is a quick and easy method of 
measuring the total ion concentration of water. Although this test 
does not identi fy the ions, it gives an indication of the number of 
ions present. Specific conductance is the reciprocal of the resis-
tance in ohms of a column of solution one centimeter long with a cross 
. 0 
. 
section of one square centimeter at 25 C (21-273). Specific 
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conductance is usually expressed as micromhos per centimeter at 25
°
c 
and may be related to total dissolved solids . It has been found that 
the ratio of total dissolved solids to specific conductance at the 
Brookings disposal site is approximately 0 . 65 (4-38) . 
Total hardness is a measure of divalent metallic ions such as 
calcium, magnesium, and ferrous iron . Total hardness was determined 
to evaluate the effect of the surface waters (ponds and trench ) on 
the ground water quality. 
Analyses performed at the University laboratory were performed 
i n  general accordanc� with procedures presented in the 12th Edition 
of Standard Methods for the Examination of Water and Wastewater (33) . 
Chloride examinations were performed using the mercuric nitrate 
method, while total hardness was determined by the EDTA method. Both 
analyses were performed in accordance with modifications presented 
by Hach Chemical Company (34) . Speci.fic conductance was measured on 
an Industrial Instruments conductivity bridge which had a cell consta�t 
of one . 
Analysis of various trace chemical ions was performed by the 
chief chemist at the Regional Laboratory of the Federal Water Pollution 
Control Administration at Kansas City, Missouri , _ with the aid of an 
atomic ab sorption spectrophotometer. Because of the limited capacity 
of th� spectrophotometer , only eight chemical ions were analyzed. 
The analysis involved the determination of arsenic, cadmium, chromium 
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(hexavalent) , copper, iron, lead, p�enol, and zinc . These analyses 
were performed to determine the suitability of the ground water in 
the vicinity of the site for drinking water purposes and for com-
parison with data obtained in a previous investigation . 
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PRESENTATION AND DISCUSS I ON OF DATA 
Water Table Elevation 
Previous investigations at the Brookings refuse disposal site 
have shown that the wat er table fluctuated approximately four feet 
and was located five to nine feet below the ground surface, depending 
on the year and season within the year. How.ever, in 1969 the in­
filtration of moisture resulting from extremely heavy winter snows 
and spring rainfal l  caused the water table to rise to an unusual ly 
high elevation. 
Figure 3 indicates the long term variation in ground water 
e l evat i on A t  w� l J  � .  
1961, 1962, and 1963 the water table nearly reached the level ex-
perienced during 1969 ; however, since the University began studying 
the disposal area in 1964, the ground water has not reached a level 
comparable to that recorded in 1969 . Because the ground water 
elevation has not been continuously measured at well 5, a dashed line 
is shown on the figure as a representation of the approximate ground 
water level. The dashed line was determined by correlating the 
elevation with precipitation records. The figure depicts a sudden 
rise in the water table during the spring thaw of 1969. From Table 
I I  it may be observed that during the spring months (April ,  May, and 
June) the water table averaged �bout four feet above the elevations 
recorded during the same period for the previous year_. 
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Table ! ! . --Comparison of Water Table Elevations 
at Three Sampling Locations 
April 
1968 1969 
91. 45 95 . 65 
90 . 44 94. 23 
88.95 93. 01  
1500 + Tabular Value 
(feet) 
May 
1968 1969 
91. 85 95. 74 
90.38 94. 83 
89.36 93.18 
-
June 
1968 
91. 98 
90.52 
89. 37 
32 
1969 
96.05 
94.68 
-9 3 .  47  
Although the high water elevation was prevalent throughout most 
of the investigation period, in July the water table s tarted to drop 
and by November the difference between the 1968 and 1969 elevations 
for the entire site was only one to two feet. During much of the 
1969 sampling period the ground water table was generally within two 
to three feet of the ground surface ; however, in some areas it rose 
above the ground surface. 
Although records pertaining to the depth of refuse placement 
have not been kept, it was visibly evident, from gravel mining de-
pressions in the r efuse area, that water had come in direct contact 
with the dumped refuse . Further evidence of the direct contact of 
water with r efuse was noted on the periphery of the old pond. The 
high water table increased the surface area of the old pond and 
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resulted in further contact of the water with the refuse that 
surrounded and encroached upon the pond. 
Rainfall had a direct and almost immediate effect on the eleva-
tion of the water table. From June 21 to June 26, 1969, precipita-
tion amounting to 4 . 84 inches (0. 40 feet) of rain was recorded. This 
precipitation caused an increase in the _ ground water elevation_. Table 
III depicts the increase of the water table elevation during that 
period for various well points. Three well points show an elevation 
increase greater than 0. 40 feet. This increase may be attributed to 
the infiltration of water found standing in gravel depressions and 
road ditches. 
Table III . --Increase in Water Table Elevation During 
the Precipitation Period June 21 to June 26, 1969 
Well Increase in 
Elevation (feet) 
9 0. 66  
5 0. 35 
35 0. 52 
16 0 , 37 
31 0. 39 
33 0. 40 
42 0. 69 
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Studies at the landfill by Hendrickson (30) and Nelson (31) 
have shown similar increases of the water table elevation resulting 
from rainfall. From Table II I it may be concl uded that .appreciable 
amounts of precipitation are not retained by the soil lying above 
the ground water table. Gravel excavation and stripping of the al-
luvial material has resulted in the exposure of ·the sand and gravel 
material .  This may account for the immediate rise in the elevation 
of the ground water tab�e during rai�fall . Table II I also indicates 
(wel ls 5 ,  35, and 16) that precipitation may percolate through the 
deposited refuse. Therefore, materials leached by percolating 
rain may reach the around water. Also a rise of the ground water 
level into the refuse may promote further leaching. 
Todd (17-66) defined ground water flow as being perpendicular 
to the ground water contour lines and in the direction of headless . 
Therefore, it may be noted from Figure 4 that the ground water flow 
through the disposal site was in a southwesterly direction . The 
direction of flow and the amount of headloss through the disposal 
site were in direct correlation with the 1968 investigation conducted 
by Nelson. This would indicate that , in addition to the direction 
of movement ,  the velocity of ground water was of �he same magnitude 
for both the 1968 and 1969 investigatioris . 
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Zones of Ground Water Quality 
Rather than trying to characterize the ground water quality by 
interpreting data obtained from each well point, the wells in certain 
areas were grouped together for discussion. After investigation of 
past and present data, it was decided that the areas could be classi-
fied into four zones . Figure 5 depicts the areal extent of these 
zones and the wells located within them. 
Zone 1, the control zone , included th e area  containing ground 
water which was not directly influenced by the deposited refuse. 
Many well points were located in this zone, but due to the close 
correlat ion in ground water qual ity between Lhese w�l l s  only  wa l l  D 
was sampled regularly. Howev�r, as a check, periodic samples were 
obtained from wells 7 and 29. Although samples for well 29 showed 
some variation (Appendix C), data from these wells substantiated 
that the water quality throughout zone 1 was rather uniform. 
Zone 2, the refuse disposal area, contained eleven well points 
and the old pond. Five points (well 4, 5, 16, 31, and 35) along with 
the old pond were  sampled regularly. The other six well points were 
not 8ampled, because some were submerged in surface water while 
others were located in close proximity to sampled points. 
In zone 3, the surface water zone, the locations sampled were the 
trench, south pond, and we ll 36 . .  The trench, because of its l ength 
and depth, intercepted practica lly all ground water that had moved 
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through the refuse disposal area. Tµe south pond had a much larger 
surface area than the trench , but because of its shallow depth it 
did not intercept as much ground water flow as the trench . Well 36 
served as a means by which a water sample from the lower depths of 
the trench was obtained. 
Zone 4, the downstream zone, was located approximately 900 feet 
to the southwest of the disposal area. This zone consisted of seven 
well points of which six were sampled . Initially all seven were 
sampled, but shortly after the investigation started well 23 was 
damaged and could no longer be sampled. The well points in this 
zone were sampled in order to determine the change in the downstream 
concentrations and the areal extent of ground water degradation. 
Ground Water Qual i ty 
Some of the data collected during this investigation (1969) and 
a previous one (1967-1968) are graphically represented in Figure 6 .  
This figure is a representation of specific conductance values and 
water table elevations for each zone. Specific conductance values 
are the means of data ' obtained during each month for the investigation 
periods, while the elevation of each zone is represented by a single 
well. point. Wells 9, 35, 36, and 27 represent the water table 
elevation of zones 1,  2, 3, and 4, respectively. Although data were 
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Figure 6.--Graphical representation of the variation of specific 
conductance and g round water elevation for the four zones for a 
period from November, 1967, to November , 1969. 
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not collected during some months of 19 68 and 19 69, dashed lines are 
shown which represent the assumed trends. 
I t  was noted that for zone 1 the lowest values of specific 
conductance were observed during the period of the higher ground 
water elevation. As with specific conductance, it was also observed 
(Appendix B) that a reduction in chloride and total hardness occurred 
during the period of high water . The observed differences in con-
centrations between the 19 6 7 -1968 and the 196 9  studies were at tri-
buted to the dilutional effect afforded by the additional volume of 
water in the aquifer during the high water period. Si nce the ground 
water in zone 1 was considered to be " native" water; t hat is , it had 
not been influenced by the deposited refuse, it was surmised that 
similar dilutional effects benefiting the chemical quality of the 
ground water may be observed in areas of high ground water that are 
not influenced by a foreign source. The variation of concentr ations 
that occurred in zone 1 as the result of the increased ground water 
elevation was believed to be representative of a naturally occurring 
phenomenon. 
Further examination of Figure 6 indicates that in zone 2 the 
increased water elevation during 1969  resulted in higher conductance 
values than were experienced in 1967  and 1968 . A similar trend 
(Appendix B) was also noted for chloride and total hardness con­
centrations. This rise in concentrations was in direct contrast with 
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the observations noted for zone 1. However, the increase in  the 
ion concentrations may be attributed to the increased leaching re-
sulting from the rise of the water table. The higher wa�er table may 
have resulted in the direct contact of refuse with ground water. As 
evidenced by the difference in concentrations between zones 1 and 2 ,  
it appeared that any dilutional effect provided by additional water 
in the aquifer was overridden by the increased leaching of the refuse 
materials . Although the water in zone 2 normally had higher specific 
conductance values than the other zones, the magnitude of the increase 
in concentrations occurring in 1969 may be noted from the higher 
conductance values of zone 2. 
It was observed (Figure 6) that as the ground water elevation 
receded during the months of July, August, and September of 1969, ion 
concentrations in zone 2 were increasing. This increase in concen-
tration may be attributable to the higher ground water_ level ex-
perienced in May and June. Following the precipitation recorded in 
May and June, a rise in the ground water elevation was noted almost im­
mediately throughout the site; however, any increased ion concen­
· trations which resulted from this rise were not immediately noted at 
the sampling points. The concentration increase was not immediately 
noted because of the time required for leached materials to move 
from locations of deposited refuse to the well points. By referring 
to Figure 5 it may be observed that the sampled points in zone 2 
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(wells 4, 5, 16, 31, 35, and the old pond ) were not located directly 
within the refuse, but were from 50 to 100 feet from the deposited 
refuse, thus requiring some time for leached contaminants to reach 
these points. Jorgenson ( 29) approximated that the velocity of the 
ground water was from one to three feet per day; therefore, even by 
assuming a velocity of three feet per day it would take leached 
materials approximately a month to travel the 50 to 100 feet to the 
sampling points located in zone 2. 
In May and June of 1969 a reduction in concentrations for zone 2 
was noted in all three parameters . These lower values appear to have 
been a result of dilution caused by rain experienced during these 
months; however, as a result of the time lag the effect the per-
. colating rain had on the quality of the ground water cannot be deter-
mined. Because the sampled wells in zone 2 were located downstream 
from the deposi ted refuse, it was felt that the water surrounding 
them was initially diluted by the rise in the water table, thus 
explaining the reductions noted in May and June. However, in July, 
August, and September the degraded water resulting from the increased 
leaching reached the sampled points and ion concentrations were noted 
to increase. 
Sawinski (4-38) reported the approximate relationship between 
specific conductance and total dissolved solids for the water at the 
Brookings site as : · total dissolved solids = 0. 65 x specific 
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conductance . By using a most conservative factor of 0 . 50 ,  as com-
pared to Sawinski ' s  0 . 65, and expressing specific conductance as 
total dissolved solids, the ground water obtained from zone 2 was 
found to exceed 500 ppm throughout the entire 1969 investi gation. 
The United States Public Health Service (USPHS ) set a desirable limit 
on total dissolved solids of 500 ppm for drinking water. Although 
excessive solids are undesirable mainly because of taste and laxative 
considerations ; a considerable number of public drinking supplies in 
South Dakota containing dissolved solids in excess of 1000 ppm are 
used without apparent_ detrimental effects to the consumer . 
· As the degraded ground water traveled from zone 2 to zone 3 a 
large percentage of the water was intercepted by the trench. As is 
evidenced from Figure 6 the lower concentrations of specific con-
ductance in zone 3, that were observed throughout much of the high 
water period, indicated that the surface water had a beneficial 
effect on the quality of the ground water. The enhanced quality may 
be attributed to the increased dilution provided by the additional 
surface water resulting from melted snow and spring rains . However, 
during the months of October and November (1969 ) a sharp increase in 
specific cond_uctance was noted for zone 3. This increase may have 
been caused by the arrival of the degraded water that was observed in 
zone 2 during August and September . Although an increase was noted 
in the concentrat"ions of all three parameters in zone 3 during these 
· two months, noticeable reductions in concentrations between zone 2 
and 3 were still observed. 
Dilution, dispersion, and biological activity enhanced the 
quality of the ground water as it passed through this zone. The 
trench intercepted much of the ground water emanating from zone 2 
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and benefited the quality of the ground - water mainly through dilution 
and dispersion. Because of its shallow depth the south pond did not 
intercept a very large portion of th� ground water; however, inter­
connection of the pond with the trench provided additional water for 
the dilution and dispersion of the intercepted ground water. 
T�P � 1 �� 1  growths in the trench and south pond may also have 
benefited the ground water quality by reducing total hardness. Algae 
utilize carbon dioxide from the water,, thereby reducing the acidity 
and increasing the pH. When the pH rises to about 8. 5, as was found 
to occur in both the trench and south pond (Appendix C), the solubility 
product of the carbonate ion is exceeded, and it will precipitate as 
calcium carbonate. This precipitation will result in a reduction of 
total hardness (32-338) . 
From Figure 7 a definite· reduction in total hardness may be noted 
between zones 2 and 3 for the 1969 study. Although some of this re­
duction may be attributed to the algal activity, it was felt that the 
dilutional effect of both the trench and the south pond was the major 
cause of the reduction in total hardness. This may be evidenced by 
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Figur e 7 . --Graphical representation of total hardness and chl oride 
concentrations for zones 2 and 3 for a period from November, 1 96� to 
November, 1969 . 
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observing the similar trends (Figure 7) in concentrations of  total 
hardness and chloride. For example, fluctuations in chloride were 
comparable to fluctuations in total hardness . Since chlorides are 
only reduced by dilution, this indicated that total hardness reduction 
was more dependent upon the dilutional effects of the trench and the 
south pond than upon the algal growths. However, if the chloride 
values had remained constant in zone 3 throughout the 1969 study 
while total hardness decreased, then algal activity 11tight have been 
credited as being a major contributor to hardness reduction. 
It was further noted from Figure 7 that as the . degraded ground 
total hardness concentrations, like chloride values, increased 
sharply. While the degraded water from zone 2 was largely responsible 
for these increases, the reduced algal activity , due to seasonal tem­
peratures, may have accounted for some of the increase in total 
hardness. 
Because of the slow movement of the ground water, zone 4 
probably did not experience the influence of the increased leaching 
found in zone 2. Again by assuming a velocity of three feet per day 
and calculating the distance the ground water may have traveled , it 
was apparent that the ground water located in zone 2 during April 
would have moved approximately half way through zone_ 3 by November. 
Therefore, continued investigat�on of zone 4 through 1970 would be 
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required to determine the extent tha� the increased concentrations 
observed in zone 2 affected zone 4. 
It may be noted (Figure 6) for both the 1967-1968 and the 1969 
studies that �pecific conductance values in zone 4 exceeded the 
specific conductance values of zone 3. A similar relationship was 
noted for both total hardness and chloride concentrations (Appendix 
B) . It was hypothesized that this relationship may be caused by 
two factors. First , although the trench intercepts a large portion of 
the degraded water emanating from zone 2, it does not intercept all of 
the degraded water. Some of the degraded ground water may by-pass the 
trench to the west and is later detected in wells located in the 
western portion of zone 4 ,  thus resulting in higher mean concentrations 
than are observed in zone 3. Second , the wells in zone 4 have been 
strategically placed to define the maximum concentrations that leave 
the disposal site. 
Since 1964 it has been observed that as the ground water flows 
through the fill site (from zone 1 to zone 4), it is degraded to some 
. 
degree . However, the degree of degradation has not been found to be 
of such magnitude that the ground water found in zone 4 would be 
classified as_ unfit for domestic use. 
Trace Chemical I ons 
In 1966 Cason (35)  conducted an investigation at the Brookings 
_ disposal site to determine the suitability of the gro�nd water for use 
as a domestic water supply or an irr�gation supply. Cason ' s  pro-
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cedure involved the sampling of selected well points located through-
out the area and the analyzing of these samples for various deleterious 
chemicals. He found that the highest concentrations of the various 
ions detected were at points located in the immediate vicinity of the 
refuse disposal area. 
To determine the concentration of various trace elements Cason 
sent samples to the Robert A. Taft S�nitary Engineering Center. Wells 
9 and 1 4 were selected for sampling because these locations were con-
sidered to re present the native and the h i ghly impaired water at the 
disoosal site . resoectively. 
As a result of his study , Cason concluded that water in the 
immediate fill area was of a questionable nature for use as a drink ing 
water supply , but the ground water located approximately 9 00 feet down­
stream from the site was of a satisfactory quality for drink i ng. He 
further concluded that the ground water throughout the site was of a 
suitable nature for an irrigation supply . 
Because his study was conducted when the water table was at a 
relatively low elevation, Cason felt the results may not have revealed 
the maximum concentrations. Furthermore, he stated that investigatiops 
of trace elements should be made during periods of high water table 
elevation. In the 1969 study, such determinations were performed. 
Table I V  is a tabulation of the results of the analyses of various 
Table IV.--Chemical Analyses of Samy les from Two Selected Well Points at the 
Brooking:;; Disposal Site 
Chemical 
Constituent 
( mg/1) 
Arsenic 
Cadmium 
Chromium 
( hexavalent) 
Copper 
Iron 
Lead 
Phenol 
Z inc 
Wel l  9 
1966 1969 
<0.055 0.0 
<0.011  < 0.05 
0.006 < 0.10 
<0.006 < 0. 10 
0.009 0.40 
0.033 < 0.20 
0.004 0.0029 
0.150 1.12 
* Limits for rejection of supply 
1966 
<0.150 
< 0.030 
<0.015 
0.024 
0.84 
< 0.060 
0.006 
0.147 
< Indicates lowest detection limit for tl 1is sample 
Well 14 
1969 
0.009 
< 0.05 
<0.10 
I <0 . 10 
1 1.20 
1.00 
0. 0040 
158.0 
USPHS 
Limits 
0.05* 
0.01*  
0 . 05* 
1.00 
0.30 
0.05* 
0.001  
5.00 
� 
(!) 
· chemical constituents for wells 9 and 14 reported by the Sanitary 
Engineering Center (1966) and the Feder al Water Pollution Control 
Administration Laboratory (1969) . 
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It was observed that most of the chemical constituents of well 9 
remained relatively unchanged . However, iron and zinc concentrations 
deter mined in 1969 far exceeded the concentrations determined in 1966. 
In well 9 iron concentrations exceeded the USPHS recommended limits 
for 1969, while phenol concentrations exceeded the USPHS recommended 
limits for both studies . Lead concentrations for well 14  exceeded 
the USPHS limits during the period of high ground water table . Water 
from well 14 may, therefore, be rejected as a drinking water supply . 
As with well 9 ,  iron and zinc concentrations of well 14 far exceeded 
the concentrations determined in 1966 . Iron, phenol, and zinc con-
centrations of well 14 were found ·to �xceed the recommended limit in 
1969, while only phenol and iron concentrations exceeded the recom-
mended limit in 1966 . 
Conclusions regarding cadmium and chromium could not be made 
because the lowest detection limit was larger than the stated USPHS 
limits . In 1969 arsenic concentrations were below the USPHS limits 
in the two wells; however , in 1966 the detection limits exceeded the 
USPHS limits , thus making it impossible to determine if arsenic con­
centrations exceeded the drinking standards. All concentrations of 
copper were below· the USPHS limits . 
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Table V is a complete tabulatiop of the results obtained by the 
Federal Water Pollution Control laboratory. It may be noted from this 
table that well 14 was the most contaminated, as water from it exceed-
ed the USPHS limi ts on four of the eight chemical constituents 
analyzed. Although water from well 14 contained high chemical con-
centrations, it may be noted from Table .V that wells 5 and 16, which 
were also located in zone 2, did not show near the degree of de-
gradation as was experienced in well 14 . Because well 14 was made 
of galvanized pipe and was located directly in an ar ea of refuse 
disposal, the high concentrations of zinc and iron noted in 1969 may 
be a result of the decomposition of the pipe . 
At the locations sampled in zone 4 the ground water was found 
to be of a questionable nature for drinking water purposes. Ground 
water from the wells sampled in zone 4 contained phenol and iron 
concentrations which exceeded the USPHS recommended limits. 
Statistical Analysis 
An analysis of variance was conducted at the one percent level 
using dates· and the zone by date interaction. The parameters used 
were elevation, specific conductance, chlorides, and total hardness. 
Appendix D lists the data of this analysis. 
The results of these data may be interpreted to read as : 
1. Variation in ground _ water quality was not found to be 
highly significant between sampling dates ; however, 
We l l  
9 
5 
1 4  
1 6  
2 7  
41 
USPHS 
Limits 
Tab l e  V.  --Chemi cal Ana lyses o : :  Samples :fr om Var ious Wel l  Po ints 
at the · Brookings D fr;posal S i  te--October , 1 9 69 
Zone Chemi cct :� Con s t i tuent ( mg/1 ) 
Pheno l s  Lead Cadmium Zinc I r on Ar.sen i c  Copper 
1 0 . 002 9 (0 . 2  <0 . 05 1 . 12 0 . 40 0 . 000 <0 . 1  
2 0 . 00 32 <0 . 2  <0 . 05 0 . 5 9 0 . 20 0 . 000 <0 . 1  
2 0 . 0040 1 . 0 <0 . 05 1 5 8 . 0  1 1 . 2 0 0 . 009 < 0 . 1  
2 0 . 002 4  <0 . 2  <o . os 0 . 22 <0 . 10 0 . 000 <0 . 1  
4 0 . 0045 <0 . 2  <o . os 1 . 2 5  <0 . 1 0 0 . 000 · < 0 . 1  
4 0 . 00 1 9  <0 . 2  <o . o5 0 . 2 6  0 . 8 0 0 . 000 <0 . 1  
* * * 
0 . 001 0 . 05 0 . 0 1 5 . 0  0 . 30 0 . '05 1 . 0  
* Limi ts  for rej ect ion of  supply 
< Lowes t  detect ion l imit  for sample 
Chromi um 
( hexavalent ) 
<0 . 1  
<0 . 1  
< 0 . 1  
<o . l  
<0 . 1  
< 0 . 1  
0 , 05* 
<:n 
t" 
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variation in ground water elevation was highly 
significant. 
2. On . any given date, ground water quality and elevations 
were found to be highly significant between zones. 
5 4  
SUMMARY AND CONCLUSIONS 
There is a growing need for information concerning the effects 
refuse d isposal on land has on ground water quali ty . This stu d y was 
concerned with the effects that an unusually high ground water table 
at a refuse d isposal site had on the quality of the surrounding grou nd 
water . 
Results of this inv estigation ind icated the following: 
1 .  Because of the high permeability of the soi l at the dis-
· posal site , rainfal l had a direct and almost immedia te 
effect on the ground water elevation. 
2 .  An  increase i n  ground water elevat i on may provide a 
dilutional effect which enhances ground water quality , or 
it may promote increased leaching which would d egrad e the 
ground water . At  the Brookings disposal site this increas ed 
leaching overrode any dilutional effect the ad d itional \filter 
may have had an d resulted in increased degrad ation of the 
ground water. 
3 .  · During periods of high ground water elevation it appeared , 
from analy ses performed on various chemical character istics, 
that ground water in the immediate vicinity of the refuse 
area was unfit for human consumption. Although the degraded 
water resulting from the rise in the water t able had not 
5 5  
reached zo ne 4 ,  the gro�nd water in zo ne 4 during this 
study was of  a quest io n able nature for use as a drinkin g  
supply .  
4. This study , l ike others conducted at the site, found the 
trench to beneficial ly affect the ground water flowing 
through it . The interconneqtion of the south po nd with 
the trench pro vided additio n al dil utio n  water to the trench 
which resul ted in the enhan cement of the intercepted grou nd 
water . 
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AREAS OF FUTURE STUDY 
This study has provided information about the effects that an 
un usually high water table at _ a  refuse disposal site may h av e  on 
ground water qual ity . However, there is a definite need for more 
research to be conducted at the Brooking s disposal site to det ermine 
the full effect of the high water tabl e on the qual ity of the ground 
water . 
Recommendation s  for further studies are listed below: 
1 . . An investigation should be conducted throughout 1970 t o  
determine the effects of the increased l eaching exper ienced 
qual ity of the down stream ground water. 
2 .  Wel ls shou ld be in stal l ed to the west of the trench to 
determine the qual ity of the ground water which may by-pa ss 
the trench. These well s would al so provide a means to de-
termine the rate that contaminants are removed by the soi l  
as th� water moves from the disposal area. Data coll ected 
from this type of study might yield valuabl e infor mation 
concerning the possibil ity of extending the trench. 
3. A compl ete analysis of past data obtained at the site 
should be conducted to det ermine the l ongt erm effects of 
the site on the quality of the ground water . 
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APPENDIX A 
Ground Water Table Elevations 
Water Table Elevat :·.ons At Sampling Locations 
1 500 + Tabular Value 
( -feet ) 
(j) (j) (j) (j) (j) (j) (j) -� c.o c.o c.o c.o c.o (j) c.o c.o 
I I I I I c.o I I 
� 0 0 I!) t-- I ,-f (j) c.o 
C',J CY) ,-j ,-j C\l I!) ,-f r-i 
I I I I I I I I 
� � lO lO lO c.o c.o c.o c.o 
5 94 . 2 3 94 . 65 --- 95.43 94 . 83 94 . 55 94 . 43 94 . 33 94 . 68 
7 94.27 ----- --- 94 . 8 3 ----- ----- 94.44 
9 95 . 65 95 . 66 --- 96 . 33 95 . 74 95 . 58 95.41 95.39 96.05 
16  94 . 07 94 . 5 7 --- 94.83 94 . 69 94.45 94 . 35 94 . 2 6 94 . 63 
22 93.24 93 . 01 --- 93 . 19 93 . 02 92 . 74 92 . 69 92 . 54 
2 7  93 . 96 93 . 88 --- 94 . 45 94 . 1 5 93.80 i 93.78 93 . 5 3 93.2 6 
29 94 . 64 94.72 --- 94 . 92 94. 63 94 . 55 94 . 38 94 . 2 3 94 . 47 
3 1  94 . 33 94 . 53 --- 94 . 95 94. 88 94 . 59 94 . 46 94 . 38 94 . 77 
32 ----- ----- --- ----- ----- 93 . 2 7 93.34 93 . 06 93.9 2 
33 ----- ----- --- ----- ----- 94.12 94.04 93 . 86 94.30 
35 ----- ----- --- 95 . 63 94 . 96 94. 71  94 . 64 94 . 59 95 . 1 1 
36 93 . 28 94 . 08 --- 95 . 76 94 . 86 94 . 57 94 . 45 94 . 34 94 . 64 
41  93. 71  93 . 2 3 --- 93 . 65 93 . 18 92 . 87 92 . 89 92 . 66 93 . 47 
42 94 . 62 94 . 36 --- 94 . 81 93 . 94 93 . 72 93 . 70 93.46 94 . 15 
Water Table Elevations At Sampl ing Locations ( continued ) 
1500 + Tabula� Value 
( feet) 
0 a, a, a, a, a, •r-1 (!) (!) a, a, (!) a, (!) (!) +.> I I (!) I (!) I 0 � I I I ,-f I <X) C\l C) ,-f C\l I:'- C\l � 0 I I r-1 I I I I I I 0 ...:l I:'- I:'- ,-f <X) 00 a, a, ,-f r-1 
5 ----- 94 . 06 94. 01 93 . 60 93 . '2 6 92 . 90 92 . 49 92 . 12 
7 94. 35 ----- ----- 93 . 62 ----- ----- 92 . 5 6  92 . 15 
9 95 , 37 95 . 40 95 . 05 94 . . 63  94 . 36 94. 05 93 . 83 93 . 51 
16 94 . 31 93 , 99 93 . 95 93 . 5 3 93 . 17 92 , 79 92. 42 92. 13 
22 92 . 54 92 . 22 92 . 33 ----- 91 . 63  91 . 33  91 . 02 90 , 99 
27 ----- 93 . 28 93 . 20 92 . 76 92 . 45 92 . 05 91 . 70 91 . 36  
29  ---- - 93 , 96 93 , 90 ----- 93 . 11 92 . 68 92 , 35 91 . 97 
31  94. 40 94 , 15 94 . 08 93. 66 93 . 35 92. 93 92 . 60 92 . 22 
32 ----- 92 . 77 92 . 72 ----- 92 . 04 91 . 71 91 . 40 91 . 15 
33 ----- ----- 93 , 51 93 . 08 92 . 73 92 . 35 91. 91 91 . 52 
35 94 . 59 94 , 55 94. 24 93 . 80 93. 49 93 . 20 92 . 80 92 , 58 
36 94 , 38 94 . 09 94 . 00 93 . 63 93 . 32 92 . 92 92 . 50 92 . 14 
41 92 . 70 92 . 38 92 . 34 91 . 98 91 . 67 91 . 18 90 , 99 90 . 84 
42 93 . 49 93 , 20 93 , 11 92 . 70 92 . 37 92. 00 9 1 . 60 91 . 2 5 
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A P.P� NU LX. ti 
Monthly Mean Values of Ground Water Quality Parameters 
Sampling 
tzone* Per iod** 
67-68 
1 
69 
67-68 
2 
69 
67-68 
3 
69 
67-68 
4 
69 
Mean Monthly Speci fic Conductance Values (micromhos/cm at 25°C ) 
for the Var ious Zones for Two Sampling Per iods 
(1967-1968 anc. 1969) 
-
Month 
Apr il _May June July August September 
650 650 658 602 --- ---
522 475 403 358 336 370 
858 836 838 960 --- ---
I 
i250 1 119 ·1036 1186 1342 1360 
628 600 590 606 --- ---
636 478 446 445 453 482 
698 720 762 817 --- ---
658 683 731 675 683 663 
* For placement of wells wi thin zones, refer to Fi g ure 5. 
October November 
--- 552 
385 360 
--- 978 
1332 1193 
--- 785 
616 653 
--- 785 
658 607 
** Sampling per iod 67-68 covers July , 1967-June , 1 9 € 8. Per iod 69 covers Apr i l , 1969-November, 1969. 
en 
CJ'1 
Sampl i�� * 
Zone Period Apri l 
67-68 8. 0 
69 5. 2 
67-68 5 1. 2  
2 
69 89. 0 
67-68 19. ·8 
3 
69 17. 3 
67-68 33. 4 
4 
69 20. 9 
� 
Mean Monthly Chloride Value s (mg/1) between Zones 
over Two Sampl i ng Periods 
(1967-1968 an d 1969) 
Month 
May June July August September 
9. 5 9. 0 5. 0 --- ---
3. 6 3. 5 3. 4 2. 1 3. 0 
53. 1 5 1. 9 40. 2 --- ---
65. 4 53. 0 67. 0 81. 0 1 04. 9 
22. 8 2 1. 0  25. 2  --- ---
I 
17. 3 13. 2 12. 6 12. 0  13. 9 
39. 4 44. 1 60. 7 --- ---
2 1. 1  24. 1 22. 4 24. 6 27. 0 
For placement of  wel ls within zones, refer to Figure 5. 
October November 
--- 6. 0 
3. 2 3. 2 
--- 73 . 3  
124. 1 125. 8 
--- 1 6 . 3  
18. 2 24. 7 
--- 52. 6 
25. 5 2 1. 1  
** 
Sampl ing period 67-68 covers July, 1967-June, 1968 .. Period 69 covers Apri l, 1969 - November, 1969. 
Cl 
(J') 
Sampling 
Zone* Period** 
67-68 
1 
69 
67-68 
2 
69 
67-68 
69 
67-68 
4 
69 
Mean Monthly Total Hardnes s  Values (mg/1 as Caco3 ) 
between Zones over Two Sampling Periods 
( 1967-1968 and 1969) 
Month 
April May June July August September 
·-
335 330 330 309 --- ---
2 34 219 195 168 167 190 
-
385 377 368 377 --- ---
527 485 462 559 630 I 654 
-
304 278 268 266 --- ---
255  200 221 201 207 233  
306 313 328 412 --- ---
278 288  320 2 9 6  2 9 4  303 
* For Placement of wells within zones, refer to Figu re  5.  
October November 
--- 300 
180 162 
--- 459 
583 487 
--- 394 
297 315 
--- 376 
330 284 
** Sampling p�riod 67-68 covers July , 1967-June, 1963. Period 69 covers April, 1969-November, 1969. � 
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APPENDIX C 
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Means of Specific Conductance 
(Micromhos at 25
°
C )  
Q) Q) Q) Q) Q) Q) Q) Q) 
•r-4 <.O ID <.O <.O <.O Q) ID <.O ID 
I I I I I <.O I I 
,qi 0 0 l() r-- I r-i Q) <.O 
C\I C") r-i r-i C\I l() r-i r-i 
I I I I I I I I I 
,qi ,:j1 l() l() l() ID ID <.O ID 
4 1560 1610 1610 1650 1670 1650 1626 1836 
5 1440 1524 1400 1355 760 610 590 595 632 
7 500 480 415 
9 520 525 545 445 435 425 415 407 365 
16 1200 1140 1130 1120 - 930 830 840 760 790 
22 620 638 630 655 660 660 660 670 
27 6 30 650 635 655 720 720 725 750 760 
� �  � � b  t> 3U :) J t) !J �iU bc. o  :::>�0 b 3 5  ;:) t) � 5 2 6  
31 965 990 960 880 1010 1010 1010 920 1056 
32 785 780 788  780 
33 745 750 610 760 
35 7 70 750 780 770 750 770 760 
36 . 9 3 0 500 490 505 480 470 470 470 459 
41 740 7 35 7 60 755 660 650 750 735 
42 610 635 650 610 730 760 800 794 800 
Trench 580 535 485 465 445 455 440 443 464 
Old 
Pond 1020 1041 1120 1170 1120 1420 1430 1240 1303 
South 
Pond 450 440 410 385 
70 . 
Means of Specific Conductance ( continued ) 
( Micromho s at 25° C )  
m m m m m m 
•rl <.O <.O m <.O 0) <.D <.O <.O 
I I <.O I <.O I I I 
0 � I r-i I 00 N 
r-i N I:' N s:j1 r-i I 
I I I I I I 0 
I:' I:' 00 00 m m rl r-i 
4 1 700 1626 1645 1650 1450 1 320 1280 1 140 
5 79 5 1 020 1238 1410 1800 1750 1675 1660 
7 400 350 370 370 
9 358 3 37 335 370 370 385 360 
16  740 788 1 030 1070 1 185 1 1 1 0 1225 1 360 
22 66 1 663 660 7 1 5  745 670 
27 6 1 1  606 605 500 492 5 1 5  600 
20 r: n r.: r.: o r.  5GO 5 G5 V U v  V iJ V  
3 1  1 120 1004 1095 1 18 5  1 1 35 10 1 0  
32 68 1 705 780 660 740 600 
33 623 625 610 540 530 490 
35 1 500 1435 1630 1680 1690 1265 1 1 10 1005 
36 530 465 48 5 490 425 550 620 570 
41 710 707 820 940 9 66 905 885 762 
42 780 6 50 620 680 6 10 500 535 520 
Trench 420 425 427 475 49 5 540 685 755 
Old 
Pond ll80 1328 1280 1275 1 305 1 3 1 0  1 370 1400 
South 
Pond 420 41 1 41 9 430 425 460 542 635 
71  
Means of Chlorid es 
(mg/1 ) 
(j) m (j) (j) (j) (j) (j) (j) 
(D (D (D (i) (D (j) (i) (D 
I ' I I I (i) I I 
,qi 0 0 I!) [' I r-i (j) (D 
N C") r-i r-i N I!) r-i r-i N 
I I I I I I I I I 
,qi ID I!) ID (D (D (D (D 
4 48 . 2  48 . 7  47 . 8  49 . 2  51 .  7 5 2 . 2 62 . 7  56 . 4  
5 118 . 2  125 . 5  95 . 0  60 . l  18 . 2  14 . 8  14 . 8  13 . 5  15 . 5  
7 5 . 3  3 . 0  3 . 0  
9 5 . 4 4 . 9 3 . 9 2 . 5  4 . 4 5 . 1  3 . 2  2 . 5  3 . 0 
16 147 . 7  1.06 . 8 140 . 3 136 . 4 82 . 7  54 . 4  5 3 . 7 37 . 0  44 . 5  
22 28 . 5  24 . 1  24 . 6  25 . 6  25 . 1  26 . 1  26 . 1  25 . 7  
27 18 . 7  19 . 2  18 . 7  20 . 7  22 . 1  23 . 1  22 . 6  17 . 7  2 1 . 2 
29 3 . 9  4 . 4 3 . 9  4 . 9 4 . 9 4 . 9  5 . 2  7 . 0  6 . 9  
3 1  28 . 5  26 . 6  26 . 6  27 . 6  29 . 5  31 . 0  32 . 5  33 . 2  3 4 . 1 
32 48 . 2  46 . 6  49 . 7  43 . 7  
3 3  22 . 6  21 . 7 18 . 5  21 . 0  
35 10 . 3  10 . 3  11 . 8  11 . 8  12 . 3  3 1 . 5  22 . 4  
36 27 . 1  2 1 . 2 13 . 3  12 . 3 11 . 8 17 J/ 12 . 8 13 . 0  13 . 1  
41 34 . 0  3 4 . 0 35 . 4  33 . 5  32 . 5  32 . 2  33 . 5  28 . 5  
42 17 . 7  19 . 2  19 . 2  20 . 2  22 . 1  23 . 6  24 . 6  23 . 5  23 . 0  
Tren ch 7 . 9  13 . 3  11 . 8  12 . 8  11 . 8  13 . 1  13 . 3  12 . 5 13 . 0  
Old 
Pond 116 . 2  123 . 1  124 . 6  128 . 0  130 . 0  145 . 5  150 . 7  150 . 5  145 . 6 
South 
Pond 12 . 8  12 . 8 13 . 0  11 . 5  
Means 
0 0) 0) 
•r-i m m 
I I 
cu 0 � 
r-i N 
0 I I 
["- ["-
4 51.0 53 . 4  
5 27.5 44 . 0  
7 3 . 6 
9 3 . 7 
16 61.5 71 . 0  
22 25.8 
27 16 . 5  
2 9  u . ..:::. 
31 38 . 7  36 . 4  
32 42 . 7  
33 
35 45.5 48 . 0  
36 13.4 11 . 2  
41 29 . 5  3 1 . 3  
42 22 . 9  16.8 
Trench 1 3.0 12.7 
Old 
Pond 163 . 0 166 . 5 
South 
Pond 13 . 2  12.0 
of Chlorides 
( rng/1 ) 
0) 
m 
I 
["-
I 
00 
55.3 
60.7 
2 . 5  
95.5 
25.8 
15.0 
, ., '"' ..1. ..1. . v  
35 . 3  
39.5 
15.3 
44.7 
11 . 6  
54.7 
1 6 . 2  
11.5 
165 . 0 
11.5 
0) 
m 
I 
r-i 
C\l 
I 
00 
59 . 0  
69.3 
2.7 
1. 7 
109 . 0  
14.7 
38 . 3  
15. 0 
65. 7 
11. 8 
65. 5  
14 . 7  
1 3 . 0 
1 74 . 2  
12 . 5  
(continued) 
0) 
m 
I 
s:;ti 
I 
(j) 
61. 5 
76.7 
3.5 
120.7 
26.7 
13.5 
,., ,..., 
I •  I 
32.7 
43.2 
14.2 
168.5 
12.3 
70.5 
13.7 
14 . 8  
18 3.2 
14 . 0  
0) 
m 
I 
00 
r-i 
I 
(j) 
53.3 
76.0 
2.5 
148.7 
25.3 
13.2 
� " 
u . v  
32 . 5  
44.3 
14.2 
118 . 8  
12 . 5  
67 . 3  
1 6.5 
15.2 
185.7 
14.5 
72 
0) 
m 
I I 
N 
I I 
0 
r-i r-i 
49.8 52 . 0  
77.0 94.5 
3.2 3 . 2  
3.3 3.2 
166.7 1 79 . 6 
21.5 18.7 
13.2 17.7 
39.0 20 . 7  
13 . 7  14.3 
137.7 128.0 
19 . 0  17.0 
53.8 36.4 
12.0 18.7 
19.5 31. 5 
189 . 7  175.1 
1 6 . 3 25.6 
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Means of Total Hardness 
(mg/1)  
0 O') 0) O') 0) O') (5) m m 
• ••➔ (.D (.D (.0 (.0 (.D O') (.D (.0 (.D +> I I I I I (.D I I I co ,:;j'i 0 0 tn t-- I r-i m (.D 
(.) C\l (') r-i r-i C\l tn r-i r-1 N 0 I I I I I I I I I ....:l ,:;j'i ,:;j'i tn tn tn (.D (.0 (.0 (.0 
4 856 823 840 8 52 899 900 994 936 
5 647 670 660 540 408 28 8 280 271 249 
7 200 200 210 
9 20 5 26 3 252 20 3 201 210 195 1 82 194 
16 395 368 401 385 298 278 278 269 257 
22 238 250 259 259 257 276 276 288 
27" 240 263 26 3 277 296 323 320 378 338  
"� 4 0 0 2 .; 4  23.;  ,., " "  2�8 ,._ ,... ,.,  "' ,...  � .,;;, v v  .,;;, ,.J .,;;, ,e., ,  0 ,<;., V .J  «J I � 
3 1  420 453 463 455 451 474 482 498 530 
32 336 3 36 348 326 
3 3  328 341 324 343 
35 366 360 358 374 368 376 391 
36 321 228 20 5 203 20 1 199 396 212 226 
41 292 288 290 282 297 295 3 1 8  28 1 
42 236 267 275 290 308 352 368 360 359 
Trench 238 232 207 197 1 82 196 192 197 222 
Old 
Pond 298 3 37 343 350 360 407 . 400 419 378 
South 
Pond 194 1 � 4  1 82 254 
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Means of Total Hardness (continued ) 
(mg/1) 
0) m 0) 0) 0) m 
,,.; © © 0) © 0) © © © 
I I © I © I I 
. <.I 0 � I ,-.,t I 00 C\J 
,-.,t C\l t--- C\J "'11 r-1 I 
I I I I I I 0 
t--- t--- 00 00 0) 0) ,-.,t 
4 890 880 858 78 3 792 793 622 6 02 
5 344 464 562 71 1 1063  8 36 8 42 4 72 
7 200 1 5 0  160 170 
9 168 170 16 3 182 197 180 162 
16 282 326 356 394 444 430 442 424 
22 28 1 294 306 326 352 3 16 
27 288 272 264 246 270 276 292 
�9 288 256  2 70 2 72 
31 544 502 544 5 58 546 5 36 
32 328 342 326 336 368 288 
33 298 273 262 266 261 256 
35 916 794 1092 1016 940 721 590 5 50 
36 234 203 236 208 209 249 278 258 
4 1  289 278 3 30 398 390 398 368 324 
- 42 382 333  3 18 302 270 298 252 228 
Trench 200 204 208 2 18 230 298 342 360 
Old 
Pond 404 356 335 352 361 384 418 388 
South 
Pond 188 178 183  · 190 204 206 " . 272 328 
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Means of pH Values 
Location 6-26-69 7-10-69 7-24-69 8-2 1-69 
4 6 . 9 6 . 9 6 . 8 6 . 8 
5 7 . 3  7 . 3 7 . 2  7 . 3 
9 7 . 6  7 . 4  7 . 4 
16 7 . 6  7 . 6 7 . 4  7 . 4 
2 7  7 . 7  7 . 5 7 . 4 
29  7 . 6  7 . 3 
31  7 . 4 7 � 2  7 . 2  7 . 2  
32 , . 5  I • .)  
35 7 . 5  7 . 2  7 . 2  7 . 3 
41 7 . 5  7 . 4 7 . 4 7 . 5  
42 7 . 2  7 . 1 7 . 3 7 . 4  
Tr ench 7 . 9  8 . 5  8 . 5  8 . 6  
Old Pond .7 .  8 8 . 1  8 . 4  8 . 6  
South Pond 8 . 3  8 . 7  8 . 7  8 . 8  
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APPENDIX D 
Sta tistical Ana lysis Data 
7 7  
Analysis of Variance 
Elevation 
Degrees Sum of Mean 
Source of Freedom Squares Square Value 
Dates 11 191.51 17 . 41 4 _ 45** 
** Zones I Dates 35 136 � 93 3.91 38.09 
Error 222 · 22.so 0.10 
Total 268 351 . 24 
Specific Conductance 
Degrees Sum of Mean 
Source of Freedom Squares Square Value 
Dates 12 8 35, 552.02 69, 629.33 <1.0 
** Zones / Dates 38 38 , 283, 716.00 1, 007, 466 . 20 25.93 
Error 311 12 , 082 , 428 . 00 38 , 850 . 25 
Total 361 51, 201, 697.02 
** Highly significant 
78 
Analysis of Variance ( continued) 
Chlorides 
Degrees Sum of Mean 
Source of Freedom Squares Square Value 
Dates 12 30 , 261 . 6 1 2 , 521 . 80 <1 . 0  
Zones / Dates 3 8  405 , 363 . 68 10 , 667 . 6 5 9 _ 7 3** 
Error 3 11 340 , 899 . 69 1-, 096 . 14 
Total 361 776 , 524.98 
Total Hardness 
Degre
.
es Sum of Mean 
Source of Freedom Squares Square Value 
Dates 12 363 , 4 36.63 30 , 286 . 38 < 1 . 0  
** Zone I Dates 38 7 , 739 , 265 . 10 20 3 , 664 . 8 7 10 . 14 
Error 311 6 , 248 , 383 . 90 20 , 091 . 27 
Total 36 1 14 , 351 , 085 . 63 
** Highly significant 
